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I. INTRODUCTION
The population growth and development in the upper basin has increased the demand for Nile waters within the source region, which poses some concern for present and planned water usage downstream. The Nile basin is home to 190 million people, 50% of whom live below the poverty line. Six of the riparian nations ( Figure 1 ) are among the ten poorest in the world, and seven have been at war with themselves or with neighbors in the past 15 years. Population growth rates are high, and water scarcity is a widespread concern ( Table 1) . As one might expect, the climatic and economic contrasts between upper and lower Nile nations have led to differing investments in hydrological management. In the lower Nile, the Egyptian Ministry of Water Resources and Irrigation (MWRI) has operated a sophisticated Nile Forecast System (NFS) for over 15 years, with technical development contributed by NOAA, funding assistance from USAID, and cooperation from Sudan. The NFS plays a vital role in operational water management and planning in Egypt. Inflow to the High Aswan Dam varies from 40 billion to 125 billion m 3 /yr, due mostly to variable precipitation in the Blue Nile headwaters region. During droughts, water must be held in Lake Nasser to allow for hydroelectric power. The NFS supports these planning operations through hydrological forecasts based on precipitation in the headwaters regions. These forecasts are skillful, but there is considerable uncertainty associated with the detection of precipitation and simulation of runoff in the Upper Nile. Presently, precipitation is estimated on the basis of Meteosat cloud top temperatures 3 , while runoff is calculated using a gridded rainfall-runoff model, linked to a calibrated routing scheme 4 Numerous streams of satellite observations now provide the raw materials to enhance our understanding of the water cycle, to improve our drought monitoring and flood warning systems, and to derive estimates of water and energy fluxes over large, remote areas. These multiple data streams present an opportunity for both researchers and resource managers, but they also present a challenge. Satellite observations of the hydrologic cycleincluding precipitation, evapotranspiration, soil moisture, lake levels, and total water storageprovide vast quantities of data that have differing resolution, coverage, return frequency, and error characteristics, all of which complicate interpretation and uncertainty analysis. From the perspective of hydrologic analysis, these observation systems are also generally incomplete: satellites observe some variables of interest, but not all variables, and their spatial and temporal coverage is insufficient for many applications. The main idea is how can these valuable observation systems be applied for operational systems, or for comprehensive analysis of land and water resources?
III. TECHNICAL COMPONENTS This study is composed of three main components. The first part is utilization of Land Data Assimilation Systems (LDAS) 5 which have emerged as a powerful approach for making maximum use of satellite observations in hydrologic applications. LDAS are numerical modeling schemes that integrate observations from multiple data sources with physically-based models of the terrestrial hydrologic system, using data assimilation and other techniques, in order to produce optimal maps of land surface states and fluxes ( Figure 2 ). Data assimilation is a computational process by which two independent estimates of a variable can be combined to determine one best estimate, which is less uncertain than either of the two inputs. In this case, the variable is a land surface state such as soil moisture. One estimate comes from the land surface model and the other from a satellite observation. The error characteristics of each are used to weight their contributions to the final estimate.
In an LDAS, satellite observations provide precise estimates of relevant states and fluxes over large areas, while the model uses these observations to inform the simulation of all known hydrologic processes at all points on the landscape. The satellite observations ensure that the model provides realistic estimates of observed variables, while the model enhances the value of the observation by using it to inform a complete, physically-based representation of the hydrologic cycle at all points on the landscape. Where observations are not available, the LDAS utilizes information from static parameter maps, climate models, and/or meteorological reanalyses to estimate relevant variables.
The Nile LDAS, a system that has been developed to support studies of land cover, hydrologic variability, and climate change impacts in the countries that share the Nile basin. The Nile LDAS merges a number of satellite-derived observations, including TRMM precipitation, GRACE terrestrial water storage, and MODIS land cover classifications, with an ensemble of land surface models. Preliminary results indicate that the system has considerable potential for research and operational applications. IV. COLLABORATIVE AREAS AND PARTNERSHIPS One of the main tasks is to calibrate and validate our models with the in situ data sets and utilize the products for addressing real societal issues. That is why we have identified the following collaborative areas and have chosen Ethiopia to assist the study with this process. As stated above, Ethiopia will be test bed for the initial simulations before we expand this study over the entire region. The main collaborative areas include:
• National land cover maps: the EMA is currently engaged in an effort to produce land cover maps for the entire country. NASA data and techniques can contribute to this effort. University of Wisconsin will work with counterparts at EMA to develop accurate land cover maps.
• Drought monitoring: Nile LDAS can be applied to Ethiopia to study drought in that region. It would include (1) validation and calibration of Nile LDAS for Ethiopia, (2) retrospective testing of drought monitoring tools, (3) evaluation of the system's utility for Ethiopia, and (4) transitioning the drought monitoring system for operational use by the appropriate Ethiopian agency.
• Evapotranspiration mapping and water balance:
The USDA methodology can utilize data from geostationary satellites as well as higher resolution thermal infrared sensors to provide estimates of ET for all of Ethiopia with high temporal frequency, and without any need for surface meteorological data.
• Improved information for water resource analysis: The suite of tools being developed for this project has broad applications to water resources. This includes large-scale monitoring of changes in groundwater storage, estimating water consumed in agriculture and other land use, linking LDAS-based hydrologic analysis to crop yield predictions, and other applications. Successful application of NASA tools to any of these projects, however, will require coordination between experts and their NASA counterparts to calibrate and validate results.
• Hydrologic impacts of climate change: Once properly calibrated for the region, and LDAS can be used to perform research studies into the impact that climate change is expected to have on patterns of hydrologic variability, including the frequency and duration of floods, droughts and water balance.
Expected Outcome: This collaborative effort is expected to improve decision-making capability for overall water management and resource allocation.
The following are key data to be generated: After the initial research phase, all products will be produced as close to real-time as possible.
V. EARLY RESULTS The first application of the Nile LDAS system is designed to show the power of the system as a testbed for integrating and comparing hydrologically relevant datasets and models. We note that the results of this first application have not been adequately evaluated against in situ data, and models have not been calibrated for regional conditions. Rather, the analysis demonstrates investigates the relative sensitivities of hydrological predictions to differences in meteorological data, differences in parameters, and differences in models. Nile LDAS allows us to perform this investigation in a consistent and stable computing environment, thus highlighting key areas of uncertainty for hydrological applications and providing the capability to merge best-available datasets with optimized models, whenever sufficient validation data are available. Figure 3 shows distributed hydrological fluxes for January 2001, as simulated using three different sources of precipitation data applied to Nile LDAS. In each case, the precipitation dataset was applied to a simulation using the Noah Land Surface Model v.2.7.1, and simulations were initialized after 20 years of model spinup under common forcing conditions. These baseline simulations do not include irrigation, so results s hould be interpreted as a first approximation of "natural" distributed hydrological fluxes. The model configuration presented here also did not include wetland simulation modules, so evaporative fluxes from large wetlands such as the Sudd are systematically underestimated. All simulations were performed.at 25km resolution, for the period January 2001 -December 2009. Simulations at 5km, accounting for irrigation and seasonally flooded wetlands, are currently underway.
As can be seen in the top row of the figure, the three precipitation datasets-the Global Data Assimilation System (GDAS), Tropical Rainfall Measurement Mission (TRMM) Multisensor Precipitation Product (TMPA) version 6, and the CPC Merged Analysis of Precipitation (CMAP)-exhibit considerable differences in the rainy southern portion of the domain. These precipitation differences are associated with different patterns of evapotranspiration (second row of the figure) and distributed surface and subsurface runoff (bottom row).
VI. SUMMARY
The Nile Land Data Assimilation System introduced in this presentation offers a tool for merging, comparing, and improving datasets in order to provide optimal estimates of hydrological states and fluxes. In addition, Nile LDAS provides multi-model ensemble predictions that allow us to quantify uncertainties stemming from missing data, model shortcomings, or, in the forecast mode, climate predictions.
The development of Nile LDAS is supported by the NASA Applied Sciences program. This NASA program has a mandate to apply NASA models and observations for societal benefit and to transfer capacity to work with these models to our partner organizations. For this reason, we are actively engaged with our partners at RCMRD, at participating national agencies, and at Universities in the countries that share the Nile Basin in order to set project priorities, to evaluate and improve Nile LDAS, and to transfer models and tools of analysis for use in research and operations. The NASA Nile LDAS team is eager to expand collaboration to include additional national agencies and academic centers in the region. 
